Hybridization between distinct populations and introgression of nonnative genes can erode fitness of native populations through outbreeding depression, either by producing a phenotype intermediate to that of both contributing genomes (and maladapted in either population's environment) or by disrupting distinct coadapted complexes of epistatic genes. In salmon, fitness-related traits such as homing ability or family-size distribution may be eroded. We investigated geographically separated pink salmon populations in repeated trials in independent broodyears (odd and even). Hybrids were made between female Auke Creek (Southeast Alaska) pink salmon and Pillar Creek (Kodiak Island, ∼1 000 km away) males; hybrids and their offspring were compared to offspring of control crosses of the same females with Auke Creek males. Parentage assignment from microsatellite analysis was used to improve estimates of survival and straying and to examine variation of family size. Hybridization reduced return rates of adults (a proxy for survival at sea) in the F 1 generation in the odd-year broodline (p < 0.0001) but not in the evenyear broodline (p = 0.678). Hybridization reduced survival in both the odd-and even-broodyear F 2 (p < 0.005 and p < 0.0001). Hybridization did not appear to impair homing ability; weekly surveys revealed similar straying rates (∼2%) by both hybrid and control fish into nearby (∼1 km) Waydelich Creek in both generations in both trials. Hybridization did not increase the index of variability (σ 2 /µ) in family size. Decreased survival in the hybrid F 2 generation supports an epistatic model of outbreeding depression; nonepistatic effects may have contributed to reduced survival in the odd-broodyear F 1 hybrid fish. Outbreeding depression in hybrids of geographically separated populations demonstrates that introgression of nonnative fish can erode fitness, and should be recognized as a potential detriment of both aquaculture and management practices.
Introduction
Pacific salmon, Oncorhynchus spp., have been transplanted between zoogeographic regions and between watersheds within regions and have been artificially produced and released in large numbers for over a century, generally for harvest enhancement and species restoration or mitigation for lost habitat (reviewed by Lichatowich 1999) . Pacific salmon generally home to natal sites for spawning, thereby promoting reproductive isolation and exposing populations to diversifying selective pressures (Carvalho 1993) . Releases of cultured or transplanted fish into environments inhabited by indigenous salmonid populations remove natural barriers to gene flow between populations. Recurrent introgression from transplanted fish or a hatchery stock derived by transplantation may alter the structure of locally evolved genomes, thereby reducing the fitness of the local populations (Hindar et al. 1991 , Campton 1995 . Although introductions of hatchery-raised fish may aid in restoration of populations at risk of extinction or may increase the productivity of populations in degraded habitat, hybridization between salmon populations adapted to different local environments can also reduce the average fitness of wild salmon populations, known as outbreeding depression (Shields 1982 , Hard 1995 .
Outbreeding depression can result from an additive combination of average genetic values in the parental populations, disruption of an epistatic interaction among alleles at different loci, or both. A fitness loss expected from nonepistatic effects would occur in the first (F 1 ) and subsequent generations. Examples include intermediate resistance to Ceratomyxa shasta in hybrids between resistant and nonresistant coho salmon, O. kisutch, stocks (Hemmingson et al. 1986) and reduced tolerance to DDT in F 1 mosquitoes (King 1955) .
Reproductively isolated populations may also evolve different genomes comprising coadapted, epistatic genes (Wallace 1981 , Lynch 1991 . Hybridization would disrupt the coadapted genomes (Dobzhansky 1950) , but disruption may not appear in F 1 hybrids because each offspring possesses a complete coadapted genome from each parent. In fact, hybrid individuals may demonstrate heterosis (hybrid vigor; Emlen 1991), but reduction in fitness would be expected in the second (F 2 ) and later generations (Dobzhansky 1950) . Outbreeding depression from a disrupted coadapted genome has been suggested in several species (e.g. Dobzhansky 1948 , 1950 , Brncic 1954 , Gordon & Gordon 1957 , Leberg 1993 , Philipp & Claussen 1995 , including salmonids (Gharrett & Smoker 1991 , Danzmann et al. 1999 , Gharrett et al. 1999 .
Outbreeding depression may be directly observed as reduced survival. It may also be observed in the degradation of individual traits related to fitness such as impaired homing ability or of population traits such as a change in the distribution of family size distribution. Homing ability has been suggested as an important adaptive trait that responds to local selective pressures such as stream stability (Quinn 1993) . Obvious changes in homing ability may reflect changes in population fitness. In a previous transplantation and hybridization study on pink salmon, both hybrids and transplants had similar survivals; however, many fewer transplants than hybrid native/transplanted salmon negotiated their way up the stream to the release site, suggesting that terminal homing may have a genetic basis (Bams 1976) . However, transplantation/hybridization studies have not followed hybrids into the F 2 generation where outbreeding depression would be expected (reviewed by Quinn 1993) .
Changes in family size distribution may also reflect fitness loss. Genetic differences between families may result in different responses (survival) to variable marine conditions. Consequently, some families of a particular generation are better adapted to particular environmental conditions, but the most favored genotypes may change from generation to generation (Geiger et al. 1997) as conditions fluctuate. Hybridization might reduce the number of contributing families such that a small number of parents contribute disproportionately to subsequent generations. Coupled with genetic drift, this may increase inbreeding and decrease the effective population size. A smaller effective population size would tend to reduce genetic variability and most likely the average fitness of a population (Falconer & Mackay 1996) and could exacerbate outbreeding depression due to stochastic losses of essential alleles (Nevo et al. 1986 , Emlen 1991 . Observations of nonrandom variation of marine survival between families of Pacific salmon populations (Simon et al. 1986 , Geiger et al. 1997 , Hard et al. 2000 underscore the importance to population fitness of maintaining genetic variation in a population.
Molecular markers make it possible to reconstruct pedigrees. The parental sources of returning fish can be confirmed, and family size distributions can be determined from these data. Polymorphic microsatellite loci provide information on parent-offspring relationships and have been used to study parentage in many species, including fishes (e.g. Estoup et al. 1998 , Waldbieser & Wolters 1999 .
Previous work at Auke Creek near Juneau, Alaska, studied the survivals of hybrids between odd-and evenbroodyear pink salmon. Gharrett & Smoker (1991) observed that F 1 hybrid and control survival rates were similar, and observations of F 2 hybrids suggested a decrease in survival, although controls were not possible. When these experiments were repeated to include controls, returns of F 2 controls exceeded returns of F 2 hybrids (Gharrett et al. 1999) . Hybrids between broodyears do not represent crosses that are likely to occur naturally or as the result of management practices; therefore, this study was begun in 1996 to examine the outbreeding depressive effects of hybridization of spatially separated pink salmon from the same broodyear.
Our objective was to examine the effects of hybridization between pink salmon from widely separated populations. To accomplish this objective, hybrids were produced between pink salmon from Auke Creek and pink salmon from Pillar Creek, a population from Kodiak Island, Alaska. Controls had only Auke Creek parents. Marine survivals were observed in the F 1 and F 2 generations for both hybrids and controls. The effects of hybridization on two fitness related traits, homing ability, and the distribution of family size, are examined here. Parentage determined from microsatellite inheritance was used to improve estimates of survival and straying and to examine family size distributions. Evidence of outbreeding depressive effects on survival suggests additive effects on one of the F 1 hybrids and epistatic effects in both F 2 hybrids. There was no evidence of an effect on either homing ability or family size distribution, which suggests that these mechanisms may not be important contributors to decreased survival.
Materials and methods

Crosses and incubation procedures
The experiments evaluated hybrids between pink salmon from two Alaskan populations: Auke Creek near Juneau, Alaska (58˚23 N, 134˚37 W) and Pillar Creek on Kodiak Island (57˚47 N, 152˚28 W). Auke Creek, a lake-fed stream of moderate grade, is about 350 m long and has spawning populations that vary between 2 000 and 20 000.
1 Pillar Creek is a reservoirfed stream of shallow gradient, runs about 1 800 m, and has spawning populations that vary between 1 000 and 40 000.
2 The distance between these streams (great circle distance 1 048 km; the continental shelf distance is considerably greater) prevents direct gene flow between the populations, even though they are at the same latitude. Each family was subdivided into two portions that were randomly assigned to incubation cells in vertical FAL TM incubators (MariSource, Milton, WA) partitioned with dividers. Hybrid families were incubated in different cabinets than control families. However, high flow from a common water source maintained very similar environmental conditions in the two incubators; temperature records of each incubator document virtually identical temperature regimes. Embryos were reared until about 5% of their yolk remained, when they were differentially marked by mirror image pelvic fin excisions and an experiment-identifying adipose fin excision. The polarity of the marks was alternated between hybrid and control groups over the years of the experiment. About 20 000 hybrid and 20 000 control fish were released each spring, and equal numbers of each family were released when possible. The young fish were released at or near the peak of emigration of the wild fish in Auke Creek.
Returning F 1 individuals were bred in 1998 and 1999. To produce each of 20 blocks of F 2 control and 20 blocks of hybrid progeny, two control males were crossed with each of two control females, and two hybrid males were crossed with each of two hybrid females. The control blocks included 40 F 1 Auke Creek males and 40 F 1 Auke Creek females; the hybrid blocks had 40 F 1 hybrid males and 40 F 1 hybrid females. About 20 000 F 2 hybrid and 20 000 F 2 control fish were differentially clipped and released at the peak of the emigration of the wild fish in Auke Creek in mid-April of 1999 and 2000.
Survival and straying in even-and odd-broodyears
Returning F 1 and F 2 adults were recovered in August and September 1998-2001 at a permanent weir located just above the high tideline at Auke Creek. During the return, intertidal Auke Creek and all of nearby Waydelich Creek were surveyed weekly with beach seines and dipnets during the spawning period in order to collect straying experimental fish. Survival was defined as return to the weir or recovery in a survey. Fish recovered at the weir were held in pens until they could be used for crosses or processed for data. The carcass of each returning fish was tagged, its fin mark (designating hybrid or control) and sex noted, and heart or muscle tissue samples were taken for genetic analysis. The equality of rates of survival and straying between groups was tested using log-likelihood ratios (G-tests; Sokal & Rohlf 1995) . Parentage information from microsatellite analysis was used to improve estimates of survival and straying made from observation of marks by confirming the parental origin (control or hybrid) of returning fish, including those that had indistinct fin excisions.
Microsatellite and parentage analysis
Tissues taken for DNA analysis were placed in preservative (Seutin et al. 1991 ) and stored at −20˚C prior to DNA extraction. Total DNA was isolated with Puregene DNA TM isolation kits (Gentra Systems, Inc., Minneapolis, MN). Polymerase chain reaction (PCR) amplification was done in 96-well microtitre plates in a Stratagene 96 Robocycler. Reactions were performed in 10 µl volumes [10 mM Tris-HCl at pH 8.3, 50 mM KCl, 25 mM MgCl 2 , 2.5 mM each deoxyribonucleotide triphosphate (dNTP), 0.5 units Taq polymerase, 0.1-0.5 µM each primer, and 50-100 ng DNA template] overlaid with mineral oil. In addition to unlabeled forward and reverse primers for each locus, each mixture included a forward primer labeled with an infrared-sensitive dye, IRDye TM (LI-COR, Inc., Lincoln, NE). After evaluating several microsatellite loci, six loci were chosen: Ssa197 (O'Reilly et al. 1996) , Ots1 (Banks et al. 1999) , Ots103 (Small et al. 1998) , Ogo1a (Olsen et al. 1998) , and Oki10 and Oki11 (Smith et al. 1998) . In general, PCR conditions were as follows: 1 cycle at 95˚C for 3 min; 30 cycles at 95˚C for 1 min, x˚C for 1 min, and 72˚C for 1 min; and finally 1 cycle at 72˚C for 5 min; where x is the annealing temperature (52˚C for Ssa197, 49˚C for Ots1, 47˚C for Ots103, 59˚C for Ogo1a, 55˚C for Oki10, and 53˚C for Oki11). After amplification, DNA products were denatured by adding an equal volume of stop buffer (95% formamide, 0.1% Bromophenol Blue) and heating for 3 min at 95˚C. Finally, 1-1.5 µl of PCR product was loaded onto polyacrylamide denaturing gels composed of 6% PAGE-PLUS TM 40% concentrate (AMRESCO, Inc., Solon, OH), 7 M urea, and 5X TBE (TBE is 90 mM tris-boric acid and 2 mM EDTA, pH 7.5) in a reaction catalyzed by ammonium persulfate and TEMED (N,N,N ,N -tetramethylethylenediamine). Electrophoresis and detection were performed on a LI-COR automated sequencer (LongReadIR 4200 TM , LI-COR, Inc., Lincoln, NE) in 1X TBE running buffer, with running parameters 31.5 W, 1500 V, 35 mA, and 50˚C plate temperature. GeneImagIR RFLP scan software (Version 3.52, Scanalytics, LI-COR, Inc., Lincoln, NE) was used to estimate the sizes of microsatellite alleles. Allele sizes were determined by comparing allele band patterns with IRD700 TM or IRD800 TM standard ladders (LI-COR, Inc., Lincoln, NE) and standardized using reference alleles.
Allele frequencies were estimated for the Auke and Pillar Creek populations for both even-and oddbroodline crosses. GenePop version 3.2a (Raymond & Rousset 1995) was used to test conformance to HardyWeinberg expectation using the following parameters: 10 000 dememorization steps, 1 000 batches, and 1 000 iterations per batch. Excess homozygosity can be an indication of null alleles, which complicate parentage analysis.
To demonstrate genetic differences between the Auke and Pillar Creek populations, allele frequencies were estimated for both the even-and odd-broodline parents. Homogeneity of allele frequencies between populations at all six loci was tested using a G-test for which the probability levels were estimated by 20 000 iterations in a Monte-Carlo simulation (e.g. Roff & Bentzen 1989) . Probabilities were combined to examine overall heterogeneity for each broodyear using Fisher's method (Winer 1971) .
Parentage of each returning fish was deduced using PROBMAX with default tolerance levels and allowing mis-scored loci (version 1.2, Danzmann 1997). Parentage information was used to confirm parental origins of well-marked fish, to determine parental origins (control, hybrid, or not experimental) of fish returning with indistinct marks, and to estimate family size of the even-broodyear returns. The parentage information also made it possible to estimate inbreeding coefficients (F; defined as the probability that alleles at a locus in an individual are identical by descent) in each segment of the experiment to determine if inbreeding had been imposed as a result of the limited sample of parents in the F 2 crosses (Falconer & Mackay 1996) . The expected inbreeding coefficient was calculated assuming that 1/2N is the probability that uniting gametes have identical genes. The realized inbreeding coefficients were estimated from pedigrees obtained from parentage analysis.
Variance in family size of even-broodyears
The underlying model for the estimation of effective population size is that the family size is approximately distributed as a Poisson. An increase in variance in a population (for a given mean) reduces the effective population size (Crow & Kimura 1970) , a possible consequence of outbreeding depression that could occur if only a few families produced most of the offspring.
The observed family sizes in the even-broodyear F 1 and F 2 hybrid and control returns were compared to Poisson distributions expected from the average family size with a goodness of fit G-test (Sokal & Rohlf 1995) . (The larger number of odd-broodyear returns will be analyzed and reported elsewhere.) Then, to avoid effects of correlations between families, the data blocks were randomly reduced to single full-sib families and bootstrapped. The bootstrap analysis randomly reduced the data so that each female in the analysis was assigned to a single control male and a single hybrid male. Consequently, the program randomly chose one control male and one hybrid male for the first female in each block and assigned the other males to the second female in the block. These bootstrap values were used to compare the means and variances of the distribution of family sizes of F 1 and F 2 returns, and to estimate the index of variability in family size. The index of variability contrasts the variance and mean in family size (σ 2 /µ), and tends to 1 under random survival (Crow & Morton 1955) , which is the Poisson expectation. A larger index of variability in hybrids than controls may indicate that increased variability in family size contributed to a reduction in survival.
Results
Microsatellite variation in Auke and Pillar Creek, and parentage analysis
Homogeneity tests showed significant divergence between 40 Pillar Creek pink salmon and 80 Auke Creek pink salmon used as parents in each F 1 experiment. Two loci in the even-broodyear (1996) samples showed significant heterogeneity between the populations (Ogo1a, p < 0.001; Oki11, p < 0.001) and four loci in the odd-broodyear (1997) samples showed significant heterogeneity (Oki10, p < 0.0001; Ogo1a, p < 0.01; Ots103, p < 0.01; Oki11, p < 0.01). The probabilities combined across loci demonstrated overall heterogeneity between the Auke Creek and Pillar Creek pink salmon populations used in breeding experiments in both the even-and odd-broodyears (both p < 0.0001). Homogeneity tests based on genotype frequencies had similar results.
Not all loci conformed to expected Hardy-Weinberg frequencies. Tests of Hardy-Weinberg suggested the presence of null alleles at two loci: Ssa197 and Ots103. Pedigree information from progeny was used to reconstruct Ssa197 genotypes and identify null alleles. There was insufficient pedigree information available to reconstruct all of the Ots103 genotypes. However, the high variability at most of the loci made all of the loci useful in contributing to parentage analyses.
Microsatellite markers were used to determine parentage of all even-broodyear fish, the odd-broodyear fish used for breeding experiments, and the returning odd-broodyear fish that had indistinct marks. Of 355 fish carrying indistinct fin marks, microsatellites revealed the parentage of 327 fish. The remaining 28 fish to which parents could not be assigned were included in hybrid counts to provide conservative hybrid survival estimates. Of the 1 266 individual progeny with distinct fin excisions that were genotyped, 59 did not correspond to combinations of parents that were recorded when the matings were conducted; these fish were excluded from subsequent analyses. The seven fish with undetermined parentage that were used as parents in the odd-broodyear F 1 broodstock probably resulted from misreading fin marks when matings were conducted. These seven fish and their progeny were not included in estimates of the inbreeding coefficient of odd-broodyear fish, and we did not analyze the odd-broodyear fish for family size variation. In both the even-and odd-broodyear F 1 breeding experiments, one individual was bred as a hybrid even though subsequent microsatellite genotyping indicated it was a control fish. Blocks including these two fish were removed from analyses.
Survival and straying in even-and odd-broodyears
The F 1 generation fish from even-broodyear experiments returned to Auke Creek in 1998 (Table 1) ; returns Table 1 . Number of young and returning adults for F 1 and F 2 pink salmon controls (Auke Creek parentage) and hybrids (Auke Creek by Pillar Creek). If their origin could not be determined with microsatellite allele analysis, returning fish with indistinct marks were counted as hybrids. p-values for testing differences in return rates (survival at sea) between hybrids and controls are from log-likelihood ratio tests (Sokal & Rohlf 1995 (survival rates to adulthood) of F 1 control (1.43%) and hybrid (1.41%) fish were nearly identical. F 1 oddbroodyear fish returned to Auke Creek in 1999; the F 1 control return (5.14%) exceeded that of F 1 hybrid fish (3.67%). In 2000, returns of even-broodyear F 2 fish (0.88%) were higher than F 2 hybrid returns (0.54%). Similarly, odd-broodyear F 2 control returns (1.27%) exceeded F 2 hybrid returns (0.96%) in 2001. Survival rates 3 of cultured fish in these experiments were lower than those of wild fish returning to Auke Creek in all years. In the even-broodyears, returns of wild fish (7.29% and 4.07%, respectively) exceeded those of cultured fish. In odd-broodyears, survival of wild fish (46.3% and 5.95%, respectively) was also higher than that of cultured fish.
Weekly recovery efforts in nearby (about 1 km) Waydelich Creek revealed similar straying rates (about 2% or less) of both hybrid and control fish in all years (Table 2) . Although the straying rates of hybrid fish were higher than those of the control fish, the straying rates were too low to detect statistical differences. The levels of straying do not compensate for the much larger differences in return rate.
Inbreeding in even-and odd-broodyears
Inbreeding in the hybrid F 2 generations did not result from the choice of parents in either the even-or odd-broodyear F 1 generations. The even-broodline F 2 inbreeding coefficient for controls (F = 0.034) exceeded that of F 2 hybrids (F = 0.003). Similarly, in the odd-broodline, the inbreeding coefficient for F 2 controls (F = 0.013) was higher than that of F 2 hybrids (F = 0.006). Both hybrid broodlines had low inbreeding coefficients that were similar to those expected theoretically (F = 0.003).
Variance in family size of even-broodyears
Parentage data of the F 2 generation were available only for the even-broodyear returns. Distributions of the F 1 control and hybrid offspring were not Poisson (Figure 1 ; p < 0.001 and p < 0.01 respectively, G-test). Removing an outlier in the F 1 control group did not alter the results. The distribution of F 2 control family size was not Poisson (p < 0.001). However, the distribution observed for the F 2 hybrid family size was weakly consistent with a Poisson distribution (p = 0.051).
The index of variability did not increase in either the controls (2.91 and 1.78 for the F 1 and F 2 generations, respectively) or the hybrids (1.76 and 1.30 for the F 1 and F 2 generations, respectively). In addition, the index of variability in the F 2 hybrids did not exceed that of controls in either the F 1 or F 2 generation. Removing an outlier in the F 1 control group did not change these results.
Discussion
Microsatellite variability in Auke and Pillar Creek, and parentage analysis
Outbreeding depression is most likely to occur in hybrids of geographically separated populations if there is no direct gene flow and they have evolved separately for a considerable time. By choosing populations from approximately the same latitude, we attempted to match environments, though the match was not perfect. The two populations would be expected to have distinct coadapted gene complexes if they have adapted independently to their environments and if epistasis was involved in adaptation. The microsatellite analyses confirmed that the Auke Creek and Pillar Creek pink salmon populations differ genetically. These differences are consistent with previous observations that populations of pink salmon diverge over large geographic distances (e.g. Gharrett et al. 1988 , Noll et al. 2001 , Hawkins et al. 2002 .
Survival and straying in even-and odd-broodyears
A reduction in survival is the most direct indication of outbreeding depressive effects of hybridization. By examining the returns in both the F 1 and F 2 generations, it is possible to distinguish between epistatic or nonepistatic effects on outbreeding depression. The return rates for hybrids and controls were similar for the even-broodyear F 1 fish, consistent with the survival reported for F 1 hybrids between even-and odd-broodyear pink salmon (Gharrett & Smoker 1991 , Gharrett et al. 1999 . In a somewhat similar experiment, Bams (1976) released first-generation hybrid and transplanted (from the Kakweieken River in BC, Canada) pink salmon fry into Tsolum River/Headquarters Creek, about 146 km away; no control release was possible. Both the hybrids and transplants had similar survivals, as measured by recoveries in the commercial fishery. However, many fewer transplants than hybrid native/transplanted salmon negotiated their way about 24 km up the Tsolum River to the release site, suggesting that terminal homing may have a genetic basis. In contrast to the even-broodyear, the return rate of F 1 control fish exceeded that of the hybrids in the odd-broodyear. This is the first of the Auke Creek pink salmon outbreeding depression experiments that demonstrated a reduced survival in F 1 hybrids and suggests that nonepistatic effects can contribute to overall survival. For the crosses reported here, developmental characters were also examined (Wang, 4 in preparation). In those studies, timing of mid-hatch was influenced by nonepistatic effects in the first generation. The idea that different genetic mechanisms may have evolved in the two broodyears is consistent with large genetic differences observed between odd-and even-broodlines of pink salmon (e.g. Aspinwall 1974 , McGregor 1982 . In fact, little similarity in the distribution of mtDNA variable sites was observed between the even-and odd-broodlines of pink salmon (Churikov et al. 2001) , which may reflect differences in postglacial recolonizations of the two broodyears (Churikov & Gharrett 2002) .
Both the even-and odd-broodline F 2 hybrids between Pillar Creek and Auke Creek pink salmon had reduced survivals relative to control fish, suggesting that outbreeding depression results from the disruption of coadapted, epistatically acting gene complexes. These results are consistent with the reduced survival of F 2 pink salmon hybrids between even-and odd-broodyear pink salmon at Auke Creek (Gharrett & Smoker 1991 , Gharrett et al. 1999 ).
Other factors that could have influenced these results include interannual variation and incomplete control over culture conditions. Natural populations experience year-to-year environmental variation. These experiments sampled only two environmental sequences and it is possible that the environmental conditions sampled in our experiments fortuitously favored one group over the other. Fluctuating environmental differences are difficult to assess because only one set of environmental experiences can be observed at a time. In addition, it is possible that subtle incubation differences or marking effects may have influenced the differences in survival. It is unlikely, however, that either of these factors produced the primary effects observed as outbreeding depression because every pink salmon hybridization experiment performed at Auke Creek has yielded similar results (Gharrett & Smoker 1991 , Gharrett et al. 1999 ).
The differences observed in the survivals of wild and cultured fish are not uncommon (e.g. Miller 1953 , Bachman 1984 . The reasons for the differences may include the effects of fin excisions, the contribution of uncounted fry derived from intertidal spawning to returns of wild salmon, or delayed mortality in cultured fish resulting from culture conditions.
The small number of experimental fish recovered at Waydelich Creek suggests that, at least in some instances, the straying rate of pink salmon is low. The number of hybrid strays was slightly higher than the number of control strays, but the total number of strays each year was less than 5 and is not statistically significant. Local straying does not account for survival differences. The straying rates observed in experimental fish were all less than a point estimate (2.8%) of straying of native Auke Creek fish within 10 km made from observations of otolith-marked fish, 5 but were similar to estimates (less than 1%) made using a genetic marker .
Failure to observe differences in straying rates of F 1 hybrids and controls is consistent with Smoker & Thrower (1995) , who did not observe increased straying for either transplanted or hybrid chum salmon compared to native fish. Those results contrast with the study of Bams (1976) , who found that hybridization affected homing ability. It is difficult to compare these experiments because they used different kinds of crosses and evaluated homing ability differently. Moreover, neither Bams (1976) nor Smoker & Thrower (1995) followed the fish into the F 2 generation where outbreeding depression might be expected.
Inbreeding in even-and odd-broodyears
Because the broodstock for the F 2 generation derived from a limited number of parents, the possibility existed that a disproportionate number of full-or half-sib matings might have been included in the experiment, which would increase inbreeding. A loss of genetic diversity due to inbreeding can decrease fitness if essential alleles are lost and deleterious recessive alleles are expressed (Nevo et al. 1986 , Emlen 1991 and might mask depressive effects due to outbreeding. The inbreeding coefficients for the F 2 experiments were of the same order of magnitude as would be expected from random breeding; and fortuitously, the hybrid broodstocks had slightly lower inbreeding coefficients than the control broodstocks. Inbreeding was not increased by our choice of broodstock for this study, and it is unlikely that the reduced survival in the F 2 hybrids resulted from inbreeding.
Variance in family size of even-broodyears
Observations of variability in family size and nonrandom marine survival in Pacific salmon populations (Simon et al. 1986 , Geiger et al. 1997 , Hard et al. 2000 suggest that certain combinations of genotypes resulting from epistatic relationships among genes may cause some individuals to have higher fitness in some environments, but these same combinations may not be favorable as conditions change. If, by chance, an F 2 family receives a favorable set of alleles and has a greater return, its offspring may contribute disproportionately to the return and subsequent production. If family size variability increases, the few successful families may not be the most fit in subsequent generations, thereby extending the effects of outbreeding depression to additional generations. In this experiment, more families completely failed and a few families produced more offspring than predicted by the Poisson frequency distribution for both hybrids and controls in the even-broodyear returns; in aggregate, the overall distribution was overdispersed as described by Geiger et al. (1997) . However, our results suggest that an increase in variability of family size does not account for the decrease in survival seen in the hybrid fish. The relatively small number of F 2 returns in the even-broodyears of this study may have provided insufficient power to detect small differences in the variability of family size.
Conclusion
Hybrids between two spatially separated Pacific salmon populations exhibited reduced survival due to outbreeding depression, and evidence of both epistatic and nonepistatic effects was observed. It does not appear that a decreased local homing ability or increased variability in family size accounted for the decrease in hybrid survival. Whether due to nonepistatic or epistatic effects, the decrease in hybrid survival could jeopardize biodiversity of wild stocks if repeated introductions are made. Small, onetime introductions may be of minor concern because natural selection might be expected to remove maladapted genotypes rapidly from a population; however, repeated introductions or development of nonlocal hatchery brood stocks have the potential to decrease productivity in local wild streams. The possibility of outbreeding depression suggests that broodstocks should be developed from locally adapted natural populations and that salmon managers should consider the potentially detrimental effects of transplanting stocks from one hatchery to another.
